Accumulation of plasminogen activator inhibitor type 1 (PAI-1) in the arterial wall may accelerate atherogenesis by inhibiting fibrinolysis, diminishing proteolysis of extracellular matrix proteins, or modifying migration of vascular smooth muscle cells. Increased intramural expression of the PAI-1 gene is induced by thrombosis. To determine whether it occurs also in response to a sustained mechanical insult to endothelium, hypercholesterolemia, or both, rabbits were subjected to sustained aortic injury induced by implantation of indwelling polyethylene tubing, to hyperlipidemia induced by cholesterol and peanut oil feeding over a period of 8 weeks, or both. Sustained vascular injury alone did not increase plasma PAI-1. However, hypercholesterolemia with or without mechanically induced vascular injury increased plasma PAI-1 twofold. The expression of PAI-1 mRNA in aorta (Northern blots) was significantly increased when vascular injury was combined with hyperlipidemia. In situ hybridization showed that the increase with mechanical injury alone occurred in endothelial cells covering the neointima (positive for factor VIII and thrombomodulin), in abnormally differentiated vascular smooth muscle cells (positive for embryonic myosin heavy chain), and in macrophages (positive for the RAM-11 anti-macrophage antibody). Qualitatively similar but much more marked increases in PAI-1 gene expression were seen when arterial injury was accompanied by hypercholesterolemia. Neither vitronectin, known to stabilize PAI-1, nor vitronectin mRNA increased in liver. However, immunocytochemistry and Western blots demonstrated marked aortic accumulation of vitronectin protein with hyperlipidemia, particularly in subendothelial fibrotic regions, accompanied by increased neointimal vitronectin mRNA as shown by in situ hybridization. These results suggest that increased synthesis and stabilization of vascular PAI-1 may potentiate accumulation of extracellular matrix, thereby accelerating atherosclerosis. (Circ Res. 1993;73:671-680.) 
I ntimal thickening in arteriosclerotic vessels is a manifestation of migration and proliferation of smooth muscle cells from the media and intimal infiltration of monocyte/macrophages, some of which are transformed into foam cells.' Both processes may be associated with increased procoagulant activity of the luminal surface.2 Despite some obvious differences, vasculopathy in cholesterol-fed rabbits mimics some aspects of atherosclerosis in human subjects. The intimal thickening seen' resembles that in normocholesterolemic rabbits subjected to intravascular mechanical injury.34 Because of our interest in factors predisposing to the development of restenosis after angioplasty and the potentially deleterious effects of hypercholesterolemia on its severity, we performed the present study in rabbits subjected to both hypercholesterolemia and mechanically induced vascular injury. matoxylin, trypsin, poly-L-lysine, dithiothreitol, acetic anhydride, triethanolamine, RNAse, and diethyl pyrocarbonate were obtained from Sigma Chemical Co (St Louis, Mo); paraformaldehyde, methanol, calcium chloride, xylene, formamide, Permount, Wheaton staining jars, cover slips, and micro slide glasses from Fisher Scientific (Pittsburgh, Pa); proteinase K, Asp 718, and transfer RNA from Boehringer Mannheim (Indianapolis, Ind); Eco RI and Sal I from United States Biochemical (Cleveland, Ohio); PBluescript SK+ vector and RNA transcription kits from Stratagene (La Jolla, Calif); RNaid from Bio 101 (La Jolla, Calif); Elite ABC kits and 3,3'-diaminobenzidine (DAB) substrate kits from Vector (Burlingame, Calif); DPX from BDH Laboratory (Poole, England); nitrocellulose membrane and Elutip from Schleicher & Schuell (Keene, NH); and emulsion NTB-2, fixer, and developer D-19 from Kodak/International Biotechnologies (New Haven, Conn).
Procedures in Animals
All procedures in animals conformed to the "Position of the American Heart Association on Research Animal Use" (November 11, 1984) and were approved by the Animal Studies Committee at Washington University. New Zealand White rabbits weighing 3.2+0.2 kg (range, 2.7 to 3.8 kg, n=31) were fed either a 2% cholesterol/6% peanut oil diet (Purina chow) or a standard laboratory diet for 8 weeks. In some control and some cholesterol-fed animals, persistent aortic injury was induced by aseptic insertion of indwelling polyethylene tubing 4 weeks after initiation of either dietary regimen. 4 For this purpose, the rabbits were anesthetized with 20 mg/kg ketamine IM and 8 mg/kg xylazine IM. A sterile 17to 20-cm length of polyethylene tubing (Intramedic PE-60, Clay Adams, Parsippany, NJ; diameter, 1.22 mm) was inserted into the aorta via the right femoral artery and advanced to the descending thoracic aorta. The exterior end was fixed to muscle. Sham operation was performed in two animals, with cannulation only advanced to 1 cm from the entry of the right femoral artery. Four weeks after cannulation, the aortas were excised and characterized.
The four groups of animals studied included those with no mechanically induced injury and a normal diet (group 1, n=8); those with mechanically induced vascular injury and a normal diet (group 2, n=8); those with no mechanically induced vascular injury and a highcholesterol diet (group 3, n=7); and those with mechanically induced vascular injury and a high-cholesterol diet (group 4, n=8). Blood samples were obtained at time 0 and 4 and 8 weeks after initiation of the study for assay of PAI-1 activity in plasma harvested by centrifugation at 2000g at 4°C for 15 minutes. Aliquots were frozen immediately in liquid nitrogen for storage at -70°C until assay. Plasma PAI-1 activity was assayed spectrophotometrically. 4 One arbitrary unit (AU) of plasma PAI-1 activity was defined as the amount of activity that inhibited 1 IU of tissue-type plasminogen activator (t-PA) completely over a period of 10 minutes. Serial dilutions of rabbit plasma were used to construct standard curves. Plasma cholesterol was assayed enzymatically (Sigma Chemical Co, kit #352-20).
The harvested aortas were characterized histologically and immunohistochemically. Aortic PAI-1 gene expression was quantified by Northern blotting and localized by in situ hybridization.
Immunohistochemistry
Serial frozen sections adjacent to those used for in situ hybridization were analyzed immunohistochemically for PAI-1 antigen and immunocytochemically for cell type. HHF-35 antibodies were used for identification of smooth muscle cells, anti-SM1 for cells with adult myosin heavy chains, anti-SMemb for cells with embryonic myosin heavy chains, RAM-11 for macrophages, and anti-rabbit thrombomodulin and anti-factor VIII-related antigen for endothelial cells.15 Cross-reactivity of antibody against human PAI-1 with rabbit PAI-1 was verified as described previously. '5 Immunohistochemical assays were performed conventionally as previously described. 16 Briefly, sections were incubated in methanol containing 0.25% hydrogen peroxide for 15 minutes to quench endogenous peroxidase. After washes with phosphate-buffered saline (PBS), the sections were incubated for 10 minutes at 37°C with diluted (1.5%) serum (horse serum for assay of HHF-35 and RAM-11 and goat serum for assay of PAI-1 antigen, factor VIII-related antigen, and thrombomodulin). The sections were then incubated with primary antibody at 37°C for 30 minutes, with biotinylated second antibody at 37°C for 30 minutes, and with avidin/biotin peroxidase complexes for 30 minutes. Peroxidase was visualized with DAB and counterstained with hematoxylin. For immunostaining of PAI-1 antigen, factor VIII-related antigen, and thrombomodulin, sections were pretreated with trypsin (0.1% wt/vol trypsin, 0.1% wt/vol CaCI2, 0.05 mol/L Tris-HCl, pH 7.6) at 37°C for 10 minutes. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Western Blotting For immunoblots with EMR1a/212D anti-rabbit vitronectin antibody, 4-cm segments of the descending thoracic aortas were removed, washed with PBS, and homogenized in 10 mmol/L sodium phosphate buffer (pH 7.0) containing 2% sodium dodecyl sulfate (SDS) and 2 mmol/L phenylmethylsulfonyl fluoride (3 mL). Samples were heated at 90°C for 2 minutes and centrifuged at 12 000g for 5 minutes. The supernatant fractions were stored at -70°C until assay.'2 Total protein was quantified with the use of Bio-Rad (Richmond, Calif) protein assay reagents (#500-0111).
Crude protein extracts (50 ,gtg) were applied to 10% polyacrylamide gels under reducing conditions. Protein was transferred to nitrocellulose membranes in 25 mmol/L Tris-HCl, 192 mmol/L glycine, and 10% methanol with a Trans-Blot apparatus (Bio-Rad) at a constant voltage of 100 V for 1 hour. Nitrocellulose membranes were blocked by incubation with 50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, and 2% bovine serum albumin (BSA) at 4°C overnight with agitation followed by 3 rinses of 20 minutes each with PBS 673 containing 0.5% Tween 20. Membranes were then incubated with primary antibody (EMR1a/212D, 1:1000) at 37°C for 1 hour with agitation and washed in 50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCi, 0.2% SDS, 0.5% BSA, and 0.5% Triton X-100 for 40 minutes and in 50 mmol/L Tris, 150 mmol/L NaCI, and 2% BSA for 10 minutes. After rinsing, they were incubated with "'I goat anti-mouse IgG (1.3x 106 cpm/mL) at 37°C for 1 hour with agitation, rinsed with the same buffer, and air dried. For autoradiography, membranes were incubated with Kodak X-OMAT AR film at -70°C and developed. Autoradiographic signals were quantified by scanning densitometry (LKB Ultroscan XL laser densitometer, Pharmacia-LKB, Piscataway, NJ).
Preparation of RNA and Northern Blots
Tissues were removed rapidly by dissection, minced, rinsed twice in PBS at 4°C, frozen quickly in liquid nitrogen, and stored at -70°C. Total RNA was isolated,17 quantified spectrophotometrically (at 260 nm), and subjected to electrophoresis on 1.5% agarose/formaldehyde gels. Northern blotting was performed after capillary transfer of the RNA to nylon membranes (Biodyne, Pall BioSupport Co, Glen Cove, NY).18 Integrity of the RNA isolated, consistency of loading, and transfer of RNA were verified by ethidium bromide staining of ribosomal RNA.
The nylon membranes were baked at 80°C for 1 hour in a vacuum oven. Prehybridization was performed in a solution of 50% deionized formamide, 10x Denhardt's solution, 0.05 mol/L Tris-HCl, 1.0 mol/L NaCl, 0.1% sodium pyrophosphate, 1% SDS, 10% dextran sulfate, and 100 ,ug/mL calf thymus DNA for 6 hours at 42°C. cDNA was labeled with [a-"2P]dCTP by the random primer method (with DNA labeling kits purchased from the Boehringer Mannheim Corp). Hybridizations with PAI-1 (500 000 cpm/mL), glyceraldehyde-6-phosphate dehydrogenase (GAPDH, 150 000 cpm/mL), and vitronectin (300 000 cpm/mL) labeled probes were performed at 42°C for 24 hours with the same solutions as those used for prehybridization. Cross-reactivity of human PAI-1 and GAPDH probes with rabbits were verified previously.'8 Membranes were washed in 2x sodium chloride/sodium citrate (SSC) (1x SSC=0.15 mol/L NaCl, 0.015 mol/L sodium citrate, pH 7.0) at room temperature for 5 minutes and washed with 2xSSC and 1% SDS at 60°C for 6 minutes. Radioactivity in specific bands was assayed with an Ambis radioisotopic scanner (Automated Microbiology Systems, San Diego, Calif). Autoradiography was performed at -70°C with Kodak X-OMAT AR film.
In Situ Hybridization
In situ hybridizations were performed as described by Simmons et al19 with tissue sections prepared from rabbits anesthetized with ketamine and xylazine and perfusion fixation in vivo via the left ventricle with simultaneous removal of blood from the right atrium. The perfusates were physiological saline followed with 4% paraformaldehyde in 0.02 mol/L sodium phosphate buffer, pH 7.3 at 0 to 4°C. Tissue was harvested and incubated in the same fixative for 4 hours at 4°C, washed with PBS twice, and stored at -70°C. Sections (6 to 10 Am) were cut in a cryostat and placed on 0.01% poly-L-lysine-coated slides. Sections from animals in each of the experimental groups were mounted juxtaposed to those from controls for comparison. Slides were postfixed, dehydrated in graded alcohol, dried in a vacuum desiccator for 1 hour, and stored at -70°C until processed for hybridization by treatment with proteinase K (1 ,ug/mL proteinase K in 0.1 mol/L Tris HCl, pH 8.0, and 50 mmol/L EDTA) and 0.25% acetic anhydride in 0.1 mol/L triethanolamine, rinsing with 2x SSC, and dehydration.
To construct riboprobes, PBluescript SK+ plasmid containing a 0.9-kb-length human PAI-1 cDNA insert was linearized by restriction digestion with Eco RI or Sal I (for antisense and sense, respectively) and transcribed with T7 or T3 RNA polymerase in the presence of 35S-uridine triphosphate (UTP). For the rabbit vitronectin probe, a 0.9-kb fragment of rabbit vitronectin cDNA was cut from pUC540E and subcloned in a PBluescript SK+ plasmid. The template DNA was linearized with ASP718 or Eco RI (to yield antisense and sense probes, respectively) and transcribed with T3 or T7 RNA polymerase in the presence of '5S-UTP. After transcription, DNase (0.67 U/,uL) was added to digest any remaining template. Transcripts were isolated from unincorporated nucleotides with RNaid.
After quantification of radioactivity by liquid scintillation spectrometry, an RNA probe (2.5 x 107 cpm) was mixed with 2.5 mg transfer RNA and 0.05 mol/L dithiothreitol. The final volume was adjusted to 1.0 mL with a 0.1% solution of diethyl pyrocarbonate, heated for 5 minutes at 65°C, added to 4 mL of hybridization buffer (50% deionized formamide, 10% dextran sulfate, lx Denhardt's solution, 0.3 mol/L NaCl, 10 
Statistics
Data are mean+SD. Differences were assessed by analysis of variance followed by the Fisher's least significant difference post hoc tests for comparisons within multiple groups. Statistical significance was defined as P<.05.
Results

Plasma Cholesterol
Cholesterol values in animals fed a normal diet remained within the normal range for rabbits regardless of the presence or absence of mechanical injury to the aorta (26±+13 and 27±8 mg/dL, with and without injury, respectively, after 8 weeks). In contrast, cholesterol feeding increased plasma cholesterol to 3056±397 and 2938±466 mg/dL in animals with or without mechanically induced aortic injury. (Table) . After 4 weeks, mean plasma PAT-1 activity did not increase significantly despite cholesterol feeding. However, after 8 weeks it did increase (P<.05). Mechanically induced vascular injury appeared to exert no influence on plasma PAI-1. Plasma PAI-1 activity in the two animals that had undergone sham operation was not altered 4 weeks after surgery. Total RNA (20 jg) was isolated from aortic wall (n-=S) and assayed for PAI-1 mRNA. mRNA was quantified by radioisotopic scanning with calibration ofPAI-1 mRNA radioactivity with respect to that in GAPDH mRNA as described in A, The distribution of vitronectin mRNA in liver from an animal fed a standard diet that was not subjected to mechanically induced aortic injury. The section was hybridized with a 'S-labeled anti-sense cRNA probe specific for vitronectin mRNA. Strongly positive hybridization signals are evident in the parenchymal liver cells. B, An adjacent section hybridized with a sense probe (negative control) for vitronectin mRNA. No positive signal is seen, consistent with the specificity of the anti-sense probe used for the positive hybridizations that were observed. C, The distribution of vitronectin mRNA in regions of intimal thickening in a mechanically injured aorta from a hypercholesterolemic rabbit. A positive hybridization reaction is evident in the foam cells (arrows). The extent of expression of vitronectin mRNA is less than that of PAI-1 mRNA. D, An adjacent section hybridized with a sense cRNA probe for vitronectin (negative control). No positive signal is seen, consistent with the specificity of the anti-sense probe used for the positive hybridizations that were observed. E, A section of a mechanically injured aorta from a hypercholesterolemic rabbit stained immunocytochemically for vitronectin antigen. A dark brown positive immunostaining reaction to vitronectin is evident in the neointima and in the media. Arrowheads delineate the internal elastic lamina. Magnificationi for A a nd B, x 1600, and for C through E, X 2000.
Changes in the Aortas
The appearance of the aortic lesions was consistent in each group, and the morphology of cells in the aortas examined was indicative of the following and was seen in all of the aortas examined.
Mechanically injured aortas from hypercholesterolemic rabbits exhibited abundant white to yellow atheromatous plaques that protruded into the lumen. Some large plaques contained grumous fluid. As shown histologically, the atheromatous plaques were composed of neoendothelium, fibrous caps, necrotic centers, and thickened media. The intima in control aortas consisted of a flat monolayer of endothelial cells without thickening or smooth muscle or foam cell infiltration. Aortas from animals subjected to sham operation did not exhibit any histological changes. In mechanically injured aortas from hypercholesterolemic rabbits, marked intimal thickening was evident, consistently exceeding that in vessels subjected to mechanical injury without conc omitant hypercholesterolemia or in vessels from ani--a V .In mals with hypercholesterolemia alone (Fig 1) . The internal elastic lamina was generally intact. Atheromatous plaques were covered completely by neoendothelium that stained positively with anti-factor VIII-related antigen and anti-thrombomodulin (results not shown). Fibrous caps contained smooth muscle cells, macrophages, foam cells, lymphocytes, and connective tissue. In the necrotic centers, cell debris, lipid, and foam cells were present. In plaques in mechanically injured aortas from hypercholesterolemic rabbits, foam cells were abundant, generally centrally, and were surrounded by fibrous tissue in the thickened intima and media. They exhibited positive immunoreactions with SMemb antibody (anti-embryonic myosin heavy chain) (results not shown) and RAM 11 anti-macrophage monoclonal antibody, but not with SM1 (anti-adult myosin heavy chain) (Fig 2) . Thus, the cells had characteristics of macrophage/monocytes and embryonic smooth muscle cells. In contrast, plaques in mechanically injured vessels from normocholesterolemic rabbits exhibited intimal thickening attributable predominantly to deposition of smooth muscle cells with only a few scattered foam cells present. The media contained only rare, small foci of foam cells. Plaques from hypercholesterolemic animals without mechanically induced vascular injury comprised primarily intimal foam cells with only a few smooth muscle cells and occasional medial foci of foamy macrophages.
Cellular Locus of Increased Aortic PAI-1 mRNA
Aortas from rabbits in each of the four groups (n=3 for each) were characterized by in situ hybridization. The identities of specific cell types were determined by immunocytochemistry. In aortas from control and sham-operated animals, PAI-1 mRNA was not detectable (Fig 1) . In contrast, mechanically injured aortas from hypercholesterolemic rabbits exhibited strong positive hybridization signals in neoendothelial cells (Fig 1) overlying the plaques, in foam cells within the plaques, and in some smooth muscle cells beneath the internal elastic lamina (Fig 2) . The cells were found to be endothelial cells, as judged from the positive immunoreaction with antibodies to factor VIII-related antigen and to thrombomodulin (results not shown); to be foam cells positive to RAM-11 and SMemb (results not shown); and as smooth muscle cells positive to HHF-35 and SMI (Fig 2) . PAI-1 mRNA was expressed, but much less intensely, in injured aortas harvested from normocholesterolemic as opposed to hypercholesterolemic rabbits. Thus, in mechanically injured aortas from normocholesterolemic rabbits, PAI-1 mRNA was detected in neoendothelial cells (Fig 1) , in foam cells in the thickened intima, and in smooth muscle and foam cells in the media. However, the numbers of cells exhibiting positive hybridization signals were much lower than those in mechanically injured aortas from hypercholesterolemic rabbits.
In aortas from hypercholesterolemic rabbits in which PAI-1 mRNA was expressed in plaques associated with or without mechanical injury and in plaques from normocholesterolemic rabbits in which it was expressed only in association with mechanical injury, PAI-1 anti-surface of the aorta (Fig 1) , in vascular smooth muscle cells, and in macrophages.
Expression of PAI-1 and Vitronectin
Northern blot analyses of aortic RNA showed that only the 3.2-kb form of PAI-1 mRNA was expressed (Fig 3) , consistent with our previous observations in tissues from rabbits.18 Compared with the amounts of PAI-1 mRNA in aortas from controls, PAI-1 mRNA was increased in the vessels from cholesterol-fed animals without mechanically induced injury and in aortas that had been subjected to a mechanical insult in either the presence or absence of hypercholesterolemia ( Fig  3) . For purposes of comparison, liver RNA was assayed as well. In contrast to the case for aortas, the concentrations of PAI-1 mRNA in liver did not differ in animals in the different groups (data not shown).
Vitronectin mRNA was not detectable in aortas from any of the four groups of rabbits. It was abundant in liver, consistent with previous observations by others in other species.20 However, the levels of vitronectin mRNA in liver did not vary significantly between groups (data not shown).
In contrast to results of assays of vitronectin mRNA, assays of vitronectin protein in extracts of aortas from rabbits in each of the four groups were positive (Fig 3) . Rabbit vitronectin was detected in both 75 -kD and 65 -kD bands. Only scanty amounts were detectable in extracts from aortas from control rabbits. More than fivefold greater amounts were present in extracts from hypercholesterolemic rabbits devoid of mechanically induced intravascular injury. Comparable increases were seen in extracts of aortas from hypercholesterolemic rabbits in which mechanical insults had been induced. In contrast and compared with results in controls, vitronectin was not increased in extracts of liver from any of the groups.
Vitronectin mRNA and Protein
Vitronectin mRNA in liver was expressed to a similar extent in each of the four groups of animals studied and was localized in parenchymal cells, as was vitronectin protein (Fig 4) . Thus, hypercholesterolemia did not increase the gene expression of hepatic vitronectin. However, in contrast to normocholesterolemic animals, the hypercholesterolemic rabbits with mechanically induced aortic injury exhibited vitronectin mRNA in foam cells (Fig 4) . In these animals, immunoreactive vitronectin protein was evident as well, in vascular smooth muscle cells in the neointima and media of the aortas (Fig 4) . Strong immunoreactivity was also present in the basal lamina of the vascular wall. Comparable increases were seen in aortas from hypercholesterolemic rabbits in which mechanical insults had not been implemented.
Discussion
This study was performed to determine whether the local, intramural, genetic expression of PAI-1 is increased by aortic endothelial injury, and if so, whether the increase is more intense when hypercholesterolemia is present. Mechanically induced aortic injury elicited vascular lesions characterized primarily by accumulation of neointimal smooth muscle cells, probably reflectgen colocalized with PAI-1 mRNA along the luminal ing both local proliferation and migration of vascular smooth muscle cells from the media. Hypercholesterolemia per se (without mechanical injury) led to qualitatively different lesions composed of foam cells largely confined to the intima. The combination of mechanical injury plus hypercholesterolemia led to complex lesions with both accumulation of smooth muscle cells in the intima and infiltration of macrophages into the intima. Furthermore, expression of PAI-1 mRNA was intense in cells of both types as well as in the neointimal endothelium.
Thus, local, intramural vascular injury elicits increased genetic expression of PAI-1 in several cellular components in the induced lesions. Concomitant hypercholesterolemia potentiates the increase. These observations are consistent with the hypothesis that accumulation of mitogenic constituents of thrombi and extracellular matrix in turn exacerbating cellular proliferation and migration in complex plaques results, in part, from intramural inhibition of proteolysis secondary to increased, local genetic expression of PAI-1.
The induction of PAI-1 gene expression as opposed to the changes in plasma PAI-1 seen with hypercholesterolemia appeared to be associated specifically with vascular lesions. Thus, PAI-1 activity in plasma increased only modestly and comparably in hypercholesterolemic rabbits with or without mechanical insults consistent with the generally normal values of plasma fibrinolytic activity seen in most patients with generalized atherosclerosis. 21 However, the results of the Northern blot analyses of aorta and in situ hybridization studies in the present study demonstrate that the severity of the vascular lesions induced parallels the increase in PAI-1 gene expression in the neointima. The most marked increases in PAI-1 mRNA within the aortic wall occurred in hypercholesterolemic animals in which mechanically induced aortic injury had been induced as well. It is possible that the increase in plasma PAI-1 activity in hypercholesterolemic rabbits with or without mechanical insults may be derived from other sources, such as liver parenchymal and liver endothelial cells.
Although a human PAI-1 probe was used for measurement of PAI-1 gene expression, sequence similarity of the PAI-1 gene among species reported made Northern blot and in situ hybridization possible.'5'8 In fact, Northern blot performed with a rabbit PAI-1 probe cloned from rabbit liver cDNA using the polymerase chain reaction gave identical results (unpublished observation).
Several factors may mediate the local increase in PAI-1 genetic expression that we observed. Plateletderived growth factor (PDGF), a chemotactic and mitogenic stimulus of vascular smooth muscle cells,' may be involved. The mRNAs of PDGF A and B chains and of the PDGF-,B receptor are present in cells within plaques,22 and PDGF has been shown to be capable of stimulating PAI-1 gene expression in vascular smooth muscle cells in culture. 23 Thus, PDGF may increase vascular wall PAI-1 gene expression in an autocrine or paracrine fashion. In addition, basic fibroblast growth factor, transforming growth factor-fl, and tumor necrosis factor-a, all of which can induce PAI-1 synthesis in endothelial cells in culture,24-26 may participate.
Because the endothelium from aortas from normal rabbits exhibited virtually no PAM-1 mRNA, it seems likely that the increase in endothelial cell PAI-1 gene expression we observed depended on mediators known to alter endothelial cell function such as interleukin-1, tumor necrosis factor-a,26'27 or transforming growth factor-fl, shown by us and others to increase PAI-1 gene expression when released from platelets. 25, 26 PAI-1 is secreted by endothelial cells in a polar fashion.28 Basally secreted PAI-1 and PAI-1 elaborated by vascular smooth muscle can be deposited in the extracellular matrix. 29, 30 This process may render the vessel wall refractory to remodeling and repair otherwise mediated by proteases, facilitating cell migration.
Vitronectin, known to stabilize PAT-i,5 accumulated in the aortic wall after mechanically induced injury, especially in the hypercholesterolemic rabbits. In these animals, the concentration of vitronectin relative to that of total proteins in aorta was higher than that in livers. Accumulation of vitronectin in atherosclerotic lesions without alteration in plasma vitronectin levels has been observed also in Watanabe heritable hyperlipidemic rabbits. 12 The accumulation may contribute to augmentation of local activity of PAI-1 in the walls of diseased vessels, possibly attenuating the activity of cell surface plasmin and the activity of plasminogen activator receptor/ligand complexes. 31 Mural thrombi were not observed in this study, possibly because the vascular insult was relatively mild. Thus, the regions had intact endothelial lining and a modest quantity of intimal smooth muscle cell layers. Locally increased expression of PAI-1 may contribute to atherogenesis indirectly as well as directly by predisposing to local thrombosis adjacent to or within the vessel wall. The histopathology of atheromatous lesions supports the view that recurrent thrombotic events may exacerbate formation of complex plaques.32 Increased PAI-1 gene expression in atherosclerotic lesions have been observed also in human aortas,33 supporting the importance of this molecule in human pathobiology of atherosclerosis. Thus, increased PAI-1 in thrombi'5 and in neointimal lesions may accelerate development of complex plaques. Accordingly, identification of mediators of the locally increased PAI-1 gene expression and development of methods designed to attenuate the increase may ultimately improve the prevention and treatment of atherosclerotic vascular disease.
